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SUMMARY 


This paper is a continuation of the study described in part 1 and deals 
with the effects of flight on noise from heated jets. In working out this 
theory through the vortex sheet flow modeling, we have incorporated in our 
analysis the effects of the additionally, extraneously-generated dipole and 
simple source terms which arise as a result of the density gradients across 
the fluid interfaces. In addition to reasserting our earlier findings due to 
the effects of flight as in part l-(i) amplification of noise in the forward 
quadrant, (ii) reduction of noise in the aft quadrant and (iii) no effects at 
90® to the jet axis— the present work shows that the coaxial flows with 
inverted profiles are much quieter than the conventional profiles; however, 
the benefit of noise reduction at higher outer-to-inner area ratios is totally 
offset as it (inverted profile) incurs a significant massloss and thrust- 
loss. Amongst all the possible coaxial configurations when one of the co- 
axial streams is heated-conventional profile (CP), inverted profile (IP) and 
the variable stream control engine (VSCE) cycle-and at constant massflow 
and thrust, a VSCE-cycle is the most desirable and the best possible engine 
cycle inasmuch as it provides over more than 18.0 dB reduction in SPL (as 
compared against noise from a CP-cycle) at all angles, both statically and 
in flight, for area ratios X* < 0.25. In view of its immense potential to 
produce the least noise while still maintaining the constant high massflow 
and thrust (as of the CBcycle). the VSCE-cycle is likely to be of paramount 
importance in its engineering application as one of the most viable nozzles 
of the future. The study also further indicates that when both the coaxial 
streams are unequally heated, a duct-buring profile combined with the vari- 
able stream control engine (DB-VSCE) concept gives rise to another powerful 
coaxial device which generates the least noise, both statically and in flight. 
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while still maintaining the maximum massflow and thrust. In any case the 
duct-burning turbofan engine is simply no match with the DB-VSCE cycle in- 
asmuch as the former is substantially noisier than the latter even at much 
less massflow and thrust conditions. 

1. INTRINSICALLY GENERATED EXTRANEOUS SOURCES 

The role played by the multipole sources in a heated jet is quite 
intricate and needs to belooked into carefully since it is not easy to explain 
their complicating role through the physics of the problem. To explain this 
feature, one can make use of the generalized properties of the delta function 
and its derivatives whereby one can show that in the presence of two or more 
different fluid medias having nonidentical temperatures and densities which 
are distinctly different at their common interface, a dipole source term may 
give rise to an additional simple source term and a quadrupole term may give 
rise to an additional dipole term plus one additional simple source term. 
Mani (1976a, 1976b) has utilized this idea to solve the vortex sheet modeling 
problem of the single round plug-flow jets. Since ours is a heated coaxial 
dual jet having double vortex layers, it will be worthwhile to show that by 
utilizing this delta function technique one can find additional dipole and 
simple source terms generated from the quadrupol e-type ring sources. These 
additionally generated source terms must be taken into consideration before 
one works out the final radiation from the heated coaxial flow through the 
ring modeling. 
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Let us now consider the original equations which govern the wave propa- 
gation of the radiations from the two axisymmetric ring sources (without any 
periodicity n along in the heated coaxial flow which we write as: 



inside fRc ^lau) 



inside tki Sffconddvy ^lau) 




inside Ihe ^li^t simuldllVi^ 
ambient -floto 


( 3 ) 


Before we explain mathematically as to how the additional source terms are 
intrinsically generated within the system, let us look at the multiplication 
property of the differentiated generalized function in conjunction with 
another fixed function ^ which has continuous derivatives at least up to the 
nth order on a neighbourhood of the origin (see Hoskins (1979)), 


= 4>a?)6 ”(t) - X §'(b) 

+ + 6(j) 
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This formula will be made use of when the higher order multi pole-sources act 
as the driving sources and appear on the right hand side of the wave equations. 
Since we concern ourselves with the quadrupol e-type sources we may use only 
up to the first three lower order products involving the 6-function which 
we write: 

4d:)6%}= §"&>6(3:) 

(5) 

where the dashes denote differentiation with respect to the argument. Making 
use of the foregoing relations in equation (5) and the coordinate relations 
defined in equation (61) of part 1) one can write for the x-x quadrupole 
component of the source term in equation (2) as: 

a„ = gcr) 6cz-Ud)i^'^^ 



4 




As one can notice in equation (7), the differentiations are evaluated at y= 
•^0* ^^■>5 is due to the fact that the appropriate radiations can be derived 
from the simple source result, due to the simple source term 65 

by differentiating the simple source result with respect to the source co- 
ordinate which in the present case is r= for the ring source located in 
the secondary stream of the coaxial jet. The emergence of equation (7) from 
ns preceding step has been made possible due to the presence of density 
gradients across the fluid interface at r = r^ which separates the secondary 
stream from the ambience which simulates flight. It is well known that the 
sources of noise are principally generated in and around the secondary /ambient 
interface, although for sake of convenience we tactfully replaced them by 
putting a ring source in the midst of the secondary stream at r =>i^. There- 
fore, the density gradients suffixed with 4, essentially reflect the density 
gradients at r « where they really exist. We will come to this point 
again at a later stage. 

Now replacing the density gradients as: 

d. (f\ ( 8 ) 
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and rearranging the terms in equation (7), one can have explicit expressions 
for the quadrupole component ajj and also for other quadrupole components 
(following exactly similar procedure) which we write as: 



( 10 ) 


a 


33“ 






+ - -L 4 

( 12 ) 
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(13) 



Equation (6 ) shows that the x-x quadrupole resolves into a purely quadrupole 
term proportional to the local density of the stream plus one transvers dipole 
term proportional to the local density gradient and one simple source term 
proportional to the second-order local density gradient. However, when the 
x-x quadrupole is expressed in terms of polar coordinates, the scenario 
looks different. In terms of polar coordinates, one finds (see equation 9) 
that it resolves into a quadrupole in the radial direction proportinal to 
cos^^. plus one radial dipole term proportional to 
and one simple source proportional to . Similar 

interpretation can be provided for the y-y quadrupole in equation (10). The 
purely axial z-z quadrupole (see equation 11) remains unaffected and generates 
no lower order singularities because of the absence of any mean density 
gradients in the axial direction. The x-y quadrupole in equation (12) provides 
one radial quadrupole proportional to Ps(^)sin ♦ cos ♦. plus one radial di- 
pole term proportional to sin and one simple source term 

roportional to sin ♦ cos ♦ . The x-z quadrupole in eqa- 

tion (13) provides one r-z type quadrupole proportional to Ps«») cos ^ and 

one axial -type dipole proportioal to ) cos ♦. Similar interpretation 
is obvious for the y-z quadrupole in equation (14). 
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Following the approach shown in Mani 's work (1976b) on heated jet noise from 
single round jets, and recognizing the fact that the density gradients at 
r really mean the density gradients across the fluid interface at r = rg 
where they physically exist, one can write them empirically as: 



(15) 


The quantity p ^{\) is actually the density of the fluid in the secondary 
stream and as such: 

^6^) = P, 

(16) 


Following exactly the same procedure we can find out parallel expressions for 
the quadrupole components of the ring-source in the primary flow which 
represents the acoustic sources generated at the primary /secondary interface 


at r = rp where again the density gradients 
down those express ions we have: 


dt ’ dr* 


exist. Now writing 




& 





p/6i)l5p] 


( 17 ) 
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(18) 


'22 


= Sin*^ ^Pp(Yo) (“1^^- ‘^'’] 




^33= 




b,3 = 


5in 2(j> 




S''-'g<» T/)*, 


[ /’>.)- ^ /./(r.)] (J, 



where 


(19) 

/^r A. 

( 20 ) 

( 21 ) 

( 22 ) 
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= e. 



2. RADIATION FROM SOURCES IN THE HOT SECONDARY STREAM 

While working out the radiation problem for a cold coaxial flow in part 
1, the primary and secondary stream densities were purposefully kept dis- 
tinctly different, even though when finding the actual radiation for the 
cold jet we had to make Pp = Pj = Pf = Pq» same as the normal ambient den- 
sity. Thus fundamentally the radiation expressions found earlier are valid 
for both the hot and cold situations. However, when making applications of 
those fundamental results to a hot flow situation, one has to be careful so 
as to bear in mind that it is not the only radiation from the only soruce 
which was thought to be existing alone in isolation and that meanwhile be- 
cause of the emergence of additional source terms generated due to the pre- 
sence of temperature/density gradients across the fluid interfaces, appro- 
priate additional radiations from these extraneous sources must be taken 
into account. This is an inevitable consequence for a flow where there is 
difference in its flow parameters (like temperature and denisty) from its 
surrounding fluid. 
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In view of the above consideration and recognizing that a differen- 
tiation of a field due to a simple source representation on the right hand 
side of a wave equation with respect to source coordinates yields an ap- 
propriate multipole source radiation, one can make use of equations (37, 
55-57) of part 1 in equation (9-14), to get the radiation expressions for a 
quadrupol e-type axisymmetric ring source (free from any periodicity n along ^) 
in a hot secondary stream which we write as follows: 


2 U / ^ r-s L 23Cs»iJj 




SinV 

€xpi{(fthco/c^~7i^t} 

/ 3C» ft J 

^[t~ (^r Cos ^ 


rr 


Z 




1. Cos^il «/> i (<R 

(. ft / 3 Csr, J J 






■^—(kcoic^ cos^e C, ^xi>U(Sikc^cf-h>ti- 

(R p- Cds 


a 


12 - 


Ps% 


Si(\tf> Cos<j> __ysAg (Cc-C^ 

L 2 




i \iColc^ — wt j 
(R [l- (»/c^ (iMc- cos sj 
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13 ” 


TTTs 
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Ce/c^ Q?S^ (JOS^ 



€?<f3i{(J^kC:'/Cf7tytj 

(Z[ f-’ Cos ^ ^ 


a 



k Cojc^ Cos 6 S/n 4 





(24) 

It is worthwhile to point out although the above results are valid for a hot 
jet case, we can also derive from them the corresponding results for a cold 
jet case (see equation (62) of part 1) simply by putting F^/Ff = 1 in the 
relations given in equation (24). 

Making use of the formulas in equations (53) and (54) of part 1, one can 
find from equation (24) the far-field radiation due to a quadrupole type ring 
source in the hot secondary stream of a coaxial dual flow as: 
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where 






( 26 ) 


These variables have already been defined in part 1 while dealing whith the 
cold jet radiation from the coaxial jet. 
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Here aqain it is interesting to point out thay by putting P 2 
one can reduce the hot radiation results of equation (26) to the cold radiation 

results in equation (63) of part 1, when there is an axisymmetric ring source 
in the secondary stream. 

3. RADIATION FROM SOURCES IN THE HOT PRIMARY STREAM 

Following the reasoning as in section 2 , and making use of the equations 
(78, 87-89) of part 1 in equaitons (17-22) one can obtain the radiation ex- 
pressions for a quadrupol e-type axisymmetric ring source (free from any 
periodicity n along ^) in a hot primary stream which we write as follows: 


1 

% CosV+ 81 \ 

^ totj 

iTrVsrpTe \ 

• 4 J 


2 Ip Kp 1 

( A| Sin^4 -f B| 

cotj 

KTr^rsy-pn 

4 y 
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b33= ^ — jU/c f) 


ATI Ys 

L - 

^\3 i ^ 

'TrVsrp 


Cos 4 > ey^t/Rlc6/c^- cotj. 


ex^ i/ Rkwcx - utf 
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'Z3 



Ic Cos & 
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— L 


U)f) 
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T "I R k ^/c^— uitj- 
I- Me- M^) Cos ej' 




In the absence of any density gradients across the fluid interface one can 

put <^/pp = 1 in the above set of equations in (27-28 ) to recover the 
rediation results for the cold jet case and the reduced results will be 
exactly the same as given in equation (91) of part 1. 
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To find the far field radiation from the axisymmetric ring source (free 
from any periodicity along 4 .) in the hot primary stream, we make use of the 
formulas in equations (53) and (54) of part 1 and also the foregoing relations 
in equation (27-28) which yield: 




where we rewrite Aj and Bj in equation (29) in a different form as: 


(29) 


E,. 
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( 30 ) 



The hot jet radiaiton result in equation (29) can be easily reduced to produce 
the cold jet radiation result in equation (92) of part 1 simply by putting Pj 
* P 2 ■ 1 in equation (30). 

4. INTENSITY OF RADIATION DUE TO RING SOURCES IN HOT COAXIAL DUAL FLOW AND 

application of the THEORY 

Since the problem considered here is a linear one we apoly the principle 
of superposition according to which we must combine the intensities of 
radiation due to both the ring-sources in the hot secondary and in the hot 
primary streams of the heated coaxial dual flow. In view of this we now 

combine the results of equations (25) and (29) to obtain the total far-field 
intensity which is expressed as: 


I 





where 
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Here again for convenience of handling the problem and in order to keep the 
complexity of the algebra to a minimum we have considered a situation when 
the centers of the ring sources perfectly coalesce so as to emit radiation to 
reach the observer simultaneously in which case R =4^ and e, the angle of 
emission at the retarded time, is the same for both. 


To illustrate the above theory, the variation in intensity of acoustic 
radiation, expressed in decibels, is shown as a function of flow Mach numbers 
(Mp, Ms), flight Mach numbers (M^), flow densities (P^, P 2 ), outer-to-inner 
area ratios (S), outer-to-inner velocity ratios (f) and Strouhal numbers 
which, unless otherwise stated, have been considered at Stj = 0.2, St 2 = 0.2. 
This represents the combined radiation due to all the nine quadrupole compo- 
nents of the ring source in the primary flow plus that due to all the nine 
quadrupole components of the ring source in the secondary flow. One of the 
most salient features of the coaxial flows discussed here is the comparison 
and assessment of the acoustic perfomance of different modes of operation: 
a) cold-inner/cold-outer, b) cold-inner/hot-outer, c) hot-inner/ cold-outer 
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and d) hot-inner/hot-outer. The change in intensity level is analyzed in 
the following figures by a plot of variation in intensity level with direc 
tion e (measured from the direction convection) and with flight Hach number 

f. The quantity plotted is the directional intensity and is expressed in 
terms of the sound pressure level , 4ecibels (dB), where: 



The parameters Pj and ?2 may take on any value to reflect any mode of opera- 
tion. When Pi = P 2 = 1, it is a cold-inner/cold-outer mode at ambient tern- 
perature at 288 K; when Pi « P 2 = 4, it is a hot-inner/hot-outer mode at a 
very hot temperature of 1152K ; when Pj . l and P 2 = 4. it is an inner-cold/ 
outer-hot flow at inner temperature 288K and outer (hot) temperature of 
1152K; when Pj = 4, P 2 - 1, it is an inner-hot/outer-cold flow at inner 
(hot) temperature of 1152K and outer temperature of 288K. When P 2 = 2, it 
represents a moderately hot outer flow at temperature 576K. 

In figures l(a-d), a comparison is made of the variation of intensity 
levels due to all the four possible modes of operation, at outer-to-inner 
area ratios 2 “ 1, 4, 10 and 20. In all these plots, we have shown the 
variation at higher angles to the jet axis (more than 30») of importance in 
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flight. The thrust and mass flow in each figure is maintained constant for 
all these modes. All these figures show that thrust and massflow remaining 
constant, an inner-cold/outer-cold made is the least noisy and an inner-hot/ 
outer-cold mode is the most noisy. And in general, for noise suppression 
point of view, an inner-cold/outer-cold mode is the most desirable and in 
order of preference it is followed by an inner-hot/outer-hot mode, an inner- 
cold/outer-hot mode and lastly by an inner-hot/outer-cold mode which is the 
worst mode of operation from acoustic point of view. This is also one of the 
major findings of the experimental studies on supersonic jet noise suppres- 
sion by coaxial cold/heated jets by Dosanjh et al (1976). However, one must 

reme"l)er that even though an inner-cold/outer-cold mode of operation offers 
the best noise suppression, it is not the practical engine cycle. Since for 
practical applications of the coaxial jet scheme for jet noise suppression, 
it is essential that at least one of the component jet streams be heated, it 
is then most desirable to heat the annular/secondary streams of the coaxial 
configuration if the overall levels of the radiated noise at all angles are 
to be attenuated. As far as the inner-hot/outer-hot combination is concerned, 
the plots show that in order to generate the same amount of thrust as the 
other combinations, a very high-temperature coaxial jet must be operated 
under very high-speed conditions and this will eventually give rise to other 
kinds of noise associated with the high-speed flows which need to be treated 
differently. Anyway, this kind of coaxial combination is not a practical 
engine cycle and also not in use. 

Figures 2(a-d) show the variation of radiation when the inner stream and 
the outer stream are operated at Mp = 0.5, = 0.9. This is an inverted 

velocity profile jet but under different temperature and thrust conditions. 
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These plots again show that an inner-cold/outer-cold stream is not only the 
least noisy but also has the maximum thrust and massflow. An inner-hot/ 
outer-cold coaxial stream which has the second maximum thrust (after the 
inner-cold/outer-cold) produces the utmost noise; an inner-hot/outer-hot 
mode produces the minimum thrust and the inner-cold/outer-hot mode produces 
somewhat better thrust, but comparatively more noise. As the outer-to-inner 
area raito (Z) increases, the thrust and the massflow due to the inner-cold/ 
outer-cold mode and the inner-hot/outer-cold mode increase substantially, 
whereas those due to an inner-hot/outer-hot mode increase very slowly. On 
the other hand, the thrust and the massflow due to an inner-cold/outer-hot 
mode gradually decrease as a result of increasing area ratio which also 
enhances noise due to all modes at all angles. Since the meaningful compari- 
sons come when the massflow and thrust are constant, and since the fully 
cold and fully hot coaxial streams are not very practical engine cycles, let 

us now turn to the ones which are of real relevance in their engineering 
applications. 

Thus we are now left with two possible types of coaxial configurations: 
one where either of the two streams is heated and the other where both the 
streams are unequally heated. Figures 3(a-d) illustrate the variation in the 

intensity of radiation when one of the streams is heated and they compare the 

sound pressure levels, SPL(dB), due to three different coaxial combinations: 
Conventional Profile (CP), Inverted Profile (IP) and the Variable Stream 

Control Engine (VSCE)-cycle. In the case of a conventional profile (CP) it 

represents a coaxial configuration where the flow pattern consists of a hot. 
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high speed inner flow combined with a cold, low speed outer flow. The in- 
verted profile (IP) which is a combination of the iverted velocity profile 
and inverted temperature profile represents a coaxial configuration where 
the flow pattern consists of a cold, low speed inner flow combined with a 
hot, high speed outer flow. As far as the definitions are concerned, an 

inverted profile and a conventional profile can be easily interconverted 
simply by interchanging their respective velocities and temperatures, without 
in any way disturbing the cross-sectional areas of the inner and the outer 
streams. It is worthwile to remark that the inverted profile may have a 
somewhat different connotation in its applied (industrial) sense insofar as 
in actual engineering applications the concept of area inversion is associ- 
ated with the inversion of the flow quantities. However, as far as this 
study is concerned an inverted profile may be regarded as one which, as 

defined eariler, represents a cold, low speed inner/hot, high speed outer 
situation. Finally, the variable stream control engine (VSCE)-cycle which 
represents a coaxial configuration where everything of a regular, conven- 
tional profile— including velocity, temperature and cross-sectional areas— is 
completely inverted, implying thereby the complete interchange of velocity, 
temperature and cross-sectional area of one stream with the other. In the 
process of inversion from a conventional profile to a variable stream control 
engine cycle, we find that both the massflow and thrust remain constant at 
all outer-to-inner area ratios Z= 1, 4, 10 and 20. Strictly speaking a 

variable stream control engine cycle is the one which has the capability of 

being switched to and fro between itself and a conventional profile cycle 
while maintaining the inherent massflow and thrust constant. With these 
definitions of an IP-cycle, CP-cycle and VSCE-cycle, let us now turn our 
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attention to Figure 3(a) where one notices that atZ - 1, the IP and VSCE- 
cycles become one and the same and that at practically all angles of in- 
terest shown therein, the IP (and also VSCE)-cycle is at least 6dB quieter 
in SPL than the CP-cycle, at constant massflow and constant thrust. This 
benefit in noise reduction is retained both statically as well as in flight. 
Figures 3(b)-3(d) show the above comparison at 2 = 4, 10 and 20 respectively, 
mail these figures, the VSCE-cycle and the CP-cycle maintain the same 
massflow and thrust, whereas the IP-cycle suffers from massloss and thrust- 
loss as compared to the amount of massflow and thrust due to the CP-cycle. 
And this massloss and thrustloss worsens as we move to the higher area ratios 
(Z). In other words, as we move fromZ = 1 to£ = 4. 10. 20. the IP-cycle 
suffers increased massloss and increased thrust-loss. On the other hand, 
the CP- and VSCE-cycles maintain the same constant massflow and thrust at 
all values of outer-to-inner area ratios Z. However, it has to be noted 
that unlike the IP-cycle. their (i.e. CP and VSCE) massflow and thrust in- 
creases as the area ratio increases. At Z = 4 to 20. the plots show that 
the IP-cycle provides reduction of noise at all angles, compared to a CP- 
cycle. and that as one moves from static (M^ * 0) to a flight situation,M^ = 
0.3. or 0.6. the amount of noise reduction already derived in the static case 
somewhat slightly diminishes in the forward quadrant (ir/2 < e <7T)and 
remains unchanged in the aft quadrant (0 < e < »/2). To put this in a simpler 
way. one can say that the static benefit of noise reduction due to an IP- 
cycle is somewhat lost in the forward quadrant due to flight, while this 
benefit is well maintained in the aft quadrant due to flight. Furthermore, 
this loss in the static benefit in the forward quadrant gets somewhat pro- 
nounced as the area ratio and flight velocity increase. All these things. 
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however, take place along with massloss and thrustloss in an IP-cycle. Thus 
when an IP-cycle is compared with a CP-cycle, although it looks great and 
impressive that an IP-cycle is much quieter than a CP-cycle, one must bear 
in mind that this is unfortunately at the expense of two vital factors 
•that govern the power of the jet. They are the mass flow and the thrust. 
Furthermore, as increased values of outer-to-inner area ratios (2) result 
in increased massloss and thrustloss followed by higer bypass ratios, one 
should realize that the best noise-optimization in an IP-cycle can be ob- 
tained by choosing one with a low bypass ratio operation obtainable at a 
lower outer-to-inner area ratio (Z.), preferably at S = 1, where it will 
provide not only the least amount of noise, but also the maximum thrust and 
massflow. 

On the other hand, a VSCE-cycle which maintains a constant massflow and 
constant thrust in perfect parity with those of a CP-cycle is substantially 
less noisy than a CP-cycle. As the plots in Figures 3(b)-3(d) show a VSCE- 
cycle (as compared against a CP-cycle) provides a noise reduction of at least 
18.0 dB atZ= 0.25, 25 dB at2 = 0.1, and 30 dB atZ= 0.05; furthermore, un- 
like the IP-cycle, this amount of noise reduction is very uniformly main- 
tained at all angles around the jet both statically and in flight. It has to 
be pointed out that as the values of£ go fromS = 0.25, toZ= 0.1 toZ=0.05, 
the net massflow and thrust keep on increasing. Thus if the CP-cycle is 
interchanged with a VSCE-cycle, we not only maintain the same massflow and 
thrust constant, we also obtain a tremondous amount of noise reduction 
uniformly maintained at all angles and at all situations-both statically and 
in flight. Thus the clear message is that a VSCE-cycle is probably the best 
engine-cycle that can be conceived of a coaxial configuration which will 
provide the utmost potential to produce the quietest possible nozzle. 



Figure 4 illustrates the change in directional intensity as a result of 
flight and the comparison is done with respect to the static case when there 
is no flight so that, Mf « 0. The plots show that the flight curves are at a 
lower level (with respect to the static curves) in the aft quadrant and are 
at a higher level in the forward quadrant. In other words, flight effects 
induce reduction of noise in the aft quadrant and ampli fiction of noise in 
the forward quadrant. In addition to these effects, the coalescence of all 
the static and flight curves at one point implies that there are absolutely 
no effects due to flight at ^=90® to the jet axis. These effects of flight 
are seen to occur at all values of outer-to-inner area ratios . Moreover, 

as £ increases, the level of noise at all angles is enhanced both statically 
as well as in flight. 

Figure 5 shows the change in directional intensity of radiation due to 
an inverted profile coaxial flow, and the change is shown to have occured as 
a result of variation outer-to-inner area ratios {£ ) and also as a result 
of flight. The plots show that as flight Mach number, M^, increases the 
parts of the curves in the aft quadrant gradually come down and those in 
the forward quadrant gradually go up, which implies that flight effects 
induce reduction of noise in the aft quadrant and amplification of noise 
in the forward quadrant. Furthermore, when one looks at these plots, one 
notices that as the outer-to-inner area ratios (£ ) increases, it generates 
somewhat increased amount of radiation at all angles. However, as a result 
of increasing values of £ , the inverted profile unfortunately suffers from 

gradual massloss and thrustloss. Therefore, an inverted profile can really 
be functionally and acoustically efficient provided one looks for one with 
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low outer-to-inner area ratio which in consequence is of a low bypass type, 
and this can be achieved by choosing one with outer-to-inner area ratio (JJ) 
equal to unity so that the massflow and thrust are maintained constant and 
are in perfect parity with respect to those of a conventional profile. 
These requirements, as indicated earlier, are essential to provide optimiza- 
tion of noise due to an inverted profile coaxial nozzle. The directivities 
shown in Figure 5 indicate that the intensity is directional with a peak 
more or less close to the jet axis. As the area ratio (21) is increased, 
the directivity becomes more pronounced and the peak location occurs at 
angles between 48° to 57° at = 0, between 32° to 45° at = 0.3 and 
then along the jet axis at Mf = 0.6. Thus we are led to believe that the 
effects of flight shift the peaks closer to the jet axis in the direction of 
the nozzle inlet. The amplification from 90° to the peak angle is about 10 
dB for 2 = 10, 20, 40, 80 and about 13 dB for 21 = 4 and about 18.5 dB forJL 
= 1, at = 0. These differences in peak SPL decrease as the flight Mach 
number increases. 

Figures 6(a-c) show the change in directional intensity and the varia- 
tion in sound pressure level, SPL (dB), due to coaxial streams where both 
the streams are unequally heated. These coaxial configurations are termed 
as: Conventional Turbofan (CT) profile, Duct-Burning (DB) profile and Duct- 
Burning-cum-Variable Stream Control Engine (DB-VSCE) cycle. A conventional 
turbofan (CT) profile represents a coaxial configuration where the flow 
pattern consists of a very hot, high speed inner flow combined with hot, 
slow speed outer flow (Mp = 0.9, Tj = 1152°K; Mj = 0.54, T 2 = 576°K in 
our case). A duct-burning (DB) profile represents a coaxial configuration 
where the flow pattern consists of a hot, high speed inner flow combined 
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with a hotter, higher speed outer flow (Mp « 0.9. Ti « 576»K; » 1.08, 

T2 » IIBZ^K in our case). In going from a conventional turbofan profile 
to a duct-burning profile, one must notice that the outer-to-inner area 
ratio (Z ) has been left unchanged. However, in the case of a duct-burning- 
cum-variable stream control engine cycle, the concept of area inversion has 
to be included to the duct-burning concept already in vogue to create a 
DB-VSCE cycle. As one goes from a CT-cycle to a DB-cycle and then to a DB- 
VSCE cycle, one finds that the massflow and thrust keep on increasing where- 
as the intensity of radiation keep on decreasing. In other words, a DB- 
cycle IS less noisy than a CT-cycle even at increased massflow and thrust 
conditions and atZ - 4 (see Figure 6(a)), it provides a noise reduction of 
at least 3 dB in the aft quadrant to 5 dB in the forward quadrant, and this 
benefit in noise reduction due to the DB-cycle is very well maintained both 
statically and in flight. On the other hand, amongst these three different 
cycles a DB VSCE cycle is the least noisy and has the maximum amount of 
massflow and thrust. The noise reduction due to this (DB-VSCE) cycle with 
respect to a CT-cycle, at area ratioZ= 4, is any where between 5 dB in the 
aft quadrant to nearly 10 dB in the forward quadrant when there is no flight. 
As flight Mach number Mf increases from Mf = 0.0 (static case) to Mf = 0.3 
to Mf . 0.6. the benefit in noise reduction is not only systematically main- 
tained at all angles but also, especially in the forward quadrant, this 
noise reduction is enhanced from 10 dB to 15 dB. Figure 6(b) shows that at 
area ratioZ= 10 and at flight Mach number Mf = 0, the DB-VSCE cycle pro- 
vides a noise reduction of at least 11.5 dB in the aft quadrant to at least 
17.5 dB in the forward quadrant with respect to a CT-cycle. This amount in 
noise reduction is increased to at least 14 dB in the aft quadrant and to 


27 



aleast 18 dB in the forward quadrant due to flight at Mach number = 0.3. 
As the flight Mach number is further increased to Mf = 0.6, the aft quadrant 
noise reduction remains more or less stable, but in the forward quadrant 
the benefit in noise reduction is increased to nearly 20 dB with respect to 

the CT-cycle. As we go to a higher value of outer-to-inner area ratio as in 
Figure 6(c), these noise reductions are further enhanced at all angles both 
statically and in flight, and these benefits accruing from a DB-VSCE cycle 
are, however, obtained at higher mass flow and thrust conditions. Thus as a 
result of this discussion, it is very clear that amongst these three possible 
engine cycles where both coaxial streams are unequally heated-CT-cycle, DB- 
cycle, and DB-VSCE cycle — a DB-VSCE cycle has not only the maximum mass flow 
and thrust, but also is the least noisy both statically and in flight. And 
the benefit in noise reduciton is systematically maintained and markedly 
enhanced at all angles as the outer-to-inner area ratio increases. 

5. SUMMARY OF THE RESULTS 

As a result of this study on the effects of flight on noise from hot 
coaxial dual flows, we find the following conclusions. Flight effects induce: 

i) amplification of noise in the forward quadrant (tt/2 ) 

ii) reduction of noise in the aft quadrant ( 04 ^ 4^/2) and 

iii) absolutely no impact on noise at 90® to the jet axis. 

Furthermore, the results of this study show that: 

iv) at constant massflow and thrust maintained at an outer-to-inner area 
ratio iZt) equal to unity, an inverted profile cycle is, at least 6 dB 
(SPL), quieter than a conventional profile cycle at all angles both 
statically and inflight. 
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v) the static benefit in noise reduction due to an inverted profile is 
maintained in the aft quadrant, but somewhat lost in the forward qua- 
drant due to flight, 

vi) an inverted profile incurs massloss and thrustloss, as the outer-to- 
inner area ratio (Z> 1) increases, 

vii) an inverted profile, combined with a low bypass ratio operation 
obtainable at an outer-to-inner area ratio equal to unity ( S* 1), 
provides the best optimization of noise while still maintaining the 
constant massflow and thrust in complete parity with a CP-cycle, 

viii) amongst all the possible coaxial configurations where one of the 
streams is heated - conventional profile (CP), inverted profiole (IP), 
and variable stream control engine (VSCE)-cycle — a VSCE cycle (Figure 
3) is the best and the most viable engine cycle insofar as it provides 
a tremendous amount of noise reduction, with respect to the CP- and IP- 
cycles, both statically and in flight while absolutely maintaining the 
constant massflow and thrust as of the CP-cycle, 

ix) the noise reduction capability of a VSCE-cycle relative to a CP-cycle 
dramatically increases from over 18 dB at (an outer-to-inner area ratio) 
Z* 0.25, to 25 dB at = 0.1, and 30 dB at Z * 0.05 at all angles, 

X) the noise suppression due to the VSCE-cycle is uniformly maintained to 
the fullest extent at all static as well as flight conditions, 

xi) the massflow and thrust of a VSCE-cycle increase with the decrease in 
outer-to-inner area ratio (as jC goes from X » 0.25 to 0.1, 0.05), 
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xii) a VSCE-cycle is the most effective and efficient concept insofar as it 
is least noisy and yet provides the maximum massflow and thrust and far 
superior in quality to an IP-cycle which is substantially noisier than 
the VSCE-cycle even at much less massflow and thrust conditions, 

xiii) at any outer-to-inner area ratio ^ > 1, a duct-burning cycle (Fig- 

ure 6) provides more massflow and thrust than a conventional turbofan 
cycle; yet it is much less noisy than the conventional turbofan cycle, 

. xiv) the static benefit in noise reduction due to the duct-burning cycle 

with respect to the conventional turbofan cycle is, at 90“ to the 
jet axis, around 4 dB at Z = 4, 5 dB at Z =10. and 6 dB atZ=20, 

xv) the corresponding aft quadrant reductions are slightly less, and the 
corresponding forward quadrant reductions are somewhat more than the 
foregoing decibel values, 

xvi ) the aft quadrant reductions due to the duct-burning cycle obtained 

statically (with respect to the conventional turbofan cycle) are more 
or less maintained in flight, but the forward quadrant reductions are 
enhanced by at least 2 dB due to flight at = 0.3 or = 0.6, 

xvii) in the duct-burning case also, a low bypass ratio operation is most 

desirable for optimizing noise suppression and maximizing thrust and 
massflow, 

xviii) amongst all the possible coaxial configurations (Figure 6) where both 
the streans are unequally heated— conventional turbofan (CT) cycle, 
duct-burning (DB) cycle, and duct-burning-cum-variable stream control 
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engine (DB-VSCE) cycle-a DB-VSCE cycle provides the Mximum messflow 
and thrust, and yet Is the least noisy, 

xix) the static benefit in noise reduction due to a DB-VSCE cycle over a CT- 
cycle is of the order of 5.6 dB to 10 dB at Z = 0.25, 11 dB to 17.5 

dB atZ = 0.1, and 17.5 dB to 22.5 dB atZ*0.05. the lower dB-levels 
ranging over the aft quadrant and the higher dB-levels ranging over 
the forward quadrant, 

xx) the aft quadrant reductions due to the DB-VSCE sycle obtained statically 
(over the CT-cycle) is well maintained in flight whereas the forward 
quadrant reductions are somewhat enhanced due to flight, 

xxi) the massflow and thrust of a DB-VSCE cycle increase with the decrease 
in outer-to-inner area ratio (as Z goes to Z = 0.25, to 0.1, 0.05), 

xxii) a DB-VSCE cycle is far superior to a DB-cycle which is substantially 

noisier than DB-VSCE cycle even at much less massflow and thrust 
conditions . 


6. CONCLUDING REMARKS 

The coaxial jet noise problem has been discussed on the basis of a 
double vortex-sheet flow model which involves deliberate suppression of 
inherent instabilities of the flow. The analysis reveals many important 
features consistent with the familiarly known results of coaxial jet noise. 

One of the most striking features obtained as a result of this study is 
that a variable stream control engine concept combined with an inverted 
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profile cycle when one of the streams is heated or that combined with a duct- 
burning turbofan cycle when both the streams are unequally heated are the two 
most powerful engine cycles at two different operating conditions, which 
provide the maximum amount of massflow and thrust and yet generate the minimum 
amount of noise both statically and in flight. Finally, in the opinion of 
the author, these two coaxial cycles possibly hold the key to our search for 

the most effective and efficient nozzles in order to usher us to an era of 
quiet aircraft. 
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FIGURE CAPTIONS 


Figure 1. Change in directional intensity of different coaxial modes at 
constant thrust and mass flow. 

a) , area ratio = 1, M = 0.48 

• : cold inner-cum-cold outer mode, Mp = 0.48, 1.0, Pj = P2 = 1. 

0: hot inner-cum-hot outer mode, Mp = 0.95, F- 1.0, Pj = P2 = 4. 

0: cold inner-cum-hot outer mode, Mp = 0.5, F= 1.8, Pj = 1, P2 = 4. 

0: hot inner-cum-cold outer mode, Mp = 0.9, T= 5/9, P^ = 4, P2 = 1. 

b) . area ratio 2 = 4, M = 0.46 

• : cold inner-cum-cold outer mode, Mp = 0.46, f = 1.0, Pj = 1 = P2. 

□ : hot inner-cum-hot outer mode, Mp = 0.92, T= 1.0, Pj = 4 = P2. 

G : cold inner-cum-hot outer mode, Mp = 0.5, f= 1.8, Pj = 1, P2 = 4. 

hot inner-cum-cold outer mode, Mp = 0.84, T= 5/9, Pj = 4, P2 = 1. 

c) . area ratio Z = 10, M = 0.454 

• : cold inner-cum-cold outer mode, Mp = 0.45, f = 1.0, Pj = l = P2. 

□ : hot inner-cum-hot outer mode, Mp = 0.91, f = 1.0, Pj = 4 = P2. 

0: cold inner-cum-hot outer mode, Mp = 0.5, T= 1.8, Pj = l, P2 = 4. 

0 : hot inner-cum-cold outer mode, Mp = 0.83, 5/9, Pj = 4, P2 = 1. 
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d). area ratio Z = 20, M = Cf452 


• : co7d inner-cum-cold outer mode, Mp » 0.45, T« 1.0. Pj « 1 

O : hot inner-cum-hot outer mode, Mp « 0.91, T. l.o, « 4 « p^, 

O : cold inner-cum-hot outer mode, Mp « 0.5, r« 1.8, Pj « 1, P2 = 4. 

0 : hot inner-cum-cold outer mode, Mp » 0.82, 5/9, pj » 4, = 1. 

Figure 2. Change in directional intensity of different coaxial modes at 
variable thrust and massflow, and with constant Mp » 0.5, 1.8 

a) , area rato X = 1 

• : inner cold-cum-outer cold mode, M = 0.73, P]^ » 1 * 

□ : inner hot-cum-outer hot mode, M = 0.36, Pj « 4 * P2. 

O : inner cold-cum-outer hot mode, M = 0.48, Pj « 1, P2 = 4. 

0 : inner hot-cum-outer cold mode, M = 0.66, Pj * 4, P2 * 1. 

b) . area ratio Z = 4 

• : inner cold-cum-outer cold mode, M » 0.84, Pj « 1 * P2. 

□ : inner hot-cum-outer hot mode, M = 0.42, Pj « 4 « P2. 

O • inner cold-cum-outer hot mode, M = 0.46, Pj « 1, P2 = 4. 

^ : inner hot-cum-outer cold mode, M » 0.81, Pj » 4, P2 « l. 

c) . area ratio Z » 10 


• : 

inner cold-cum-outer cold mode, M » 0.87, Pi » 1 

• 

CVJ 

Q. 

M 

□ : 

inner hot-cum-outer hot mode, M « 0.44, Pj ■ 4 = 

P2- 

0 * 

inner cold-cum-outer hot mode, M « 0.45, Pj « 1, 

P2 ■ 4. 

O: 

inner hot-cum-outer cold mode, M » 0.86, Pj « 4, 

p£ ■ 1. 
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d). area ratio £1 = 20 


• : inner cold-cum-outer cold mode, M = 0.89, Pj = l = ? 2 , 

□ : inner hot-cum-outer hot mode, M = 0.44, Pj = 4 = ?£. 

O : inner cold-cum-outer hot mode, M = 0.45, Pj = 1, P 2 = 4. 

0: inner hot-cum-outer cold mode, M = 0.88, Pj = 4 , P 2 = 1. 

Figure 3(a). Comparison of SPL due to conventional profile (CP), inverted 
profile (IP) and variable stream control engine (VSCE) cycle, all having the 
same massflow and thrust: area ratio 1. 

CP(e): Mp = 0.9, 2 : = 1, r= 5/9, Pj = 4, P 2 = 1, M = 0.48. 

IP(G): Mp =0.5 Z = 1, r= 1.8, Pi = 1, P 2 = 4, M = 0.48. 

VSCE(0): Mp = 0.5, Z= 1, f = 1.8, Pj = 1, P 2 = 4, M = 0.48. 

Figure 3(b). Comparison of SPL due to conventional profile (CP), inverted 
profile (IP) and variable stream control engine (VSCE) cycle, with only CP 
and VSCE-cycle having the same massflow and thrust; area ratio = 4. 

CP(#): Mp = 0.9, Z = 4, r= 5/9, Pj = 4, P 2 = 1, M = 0.49. 

IP(0): Mp = 0.5, Z = 4, r= 1.8, Pj = 1, P 2 = 4, M = 0.46. 

VSCE(0): Mp = 0.5, Z = 0.25, f = 1.8, Pi = 1, P 2 = 4, M = 0.49. 

Figure 3(c). Comparison of SPL due to conventional profile (CP), inverted 
profile (IP) and variable stream control engine (VSCE) cycle, with only CP 
and VSCE-cycle having the same massflow and thrust; area ratio £1 = 10* 


CP(#): Mp = 

IP©): Mp = 

VSCE(0): Mp = 


0.9, 10 , r= 

0.5,2: = 10, r= 

0.5, £ = 0.1, r= 


5/9, Pi = 4, P2 
1.8, Pi = 1, P 2 
1.8, Pi = 1, P 2 


= 1, M = 0.50. 

= 4, M =0.4548. 
= 4, M = 0.50. 
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Cj"P3'*ison of SPL due to conventional profile (CP), inverted 
variable stream control engine (VSCE) cycle, with onlv CP 
and VSCE-cycle having the same mass flow and thrust; afea ?alio i" 20 , 


CP(#): Mp = 0.9, Z . 20. T « 5/9. Pi « 4. Pg » 1, M « 0.50. 

IP(0): Mp = 0.5, S = 20, r = 1.8, Pi « 1, Pg = 4, M = 0.4525. 

VSCE(0): Mp = 0.5, L = 0.05, f = 1.8, Pi = 1, P 2 « 4, M = 0.50. 

Figure 4. Change in directional intensity as a result of flight. 

Mp = 0.5, r « 1.8, Pi * 1, P2 » 4, M * 0.48 


Fi^re 5. Change in directional intensity and 
verted profi le as a result of varying outer-to 
0.5, r= 1.8, Pi - 1. P 2 = 4. 


comparison of SPL of an in- 
-inner area ratio (Z ); Mp = 


• : Z = 1, M = 0.476 
O Z = 4, M = 0.460 
O : Z = 10, M = 0.455 
□ : Z = 20, M = 0.453 
A : Z = 40, M = 0.4513 
A : Z = 80, M = 0.4510 


Figure 6. Comparison of SPL due to conventional 
cycle and duct burning-cum-variable 

VSCE) cycle 


turbofan (CT) cycle, duct- 
stream control engine (DB- 


a). area ratio 2*4 


r« 0.6, Pi » 4, p£ » 1, M « 0.40 
^ ~ 1»2, Pi • 2, P 2 * 4, M ■ 0.56 
0.25, r« 1.2, Pi « 2, P 2 = 4, M * 0.62 


CT(#): Mp - 0.9, £ « 4, 
DB(0): Mp - 0.9,Z - 4 . 
DB-VSCE{^): Mp - 0.9,Z 
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b) . area ratio 21 = 10 

CT(#): Mp = 0.9, £ = 10, T= 0.6, Pi = 4, P 2 = 2, M = 0.389 

DB(G): Mp = 0.9, Z = 10, f = 1.2, Pi = 2, P 2 = 4, M = 0.55 

DB-VSCE(0): Mp = 0.9, Z= 0.1, T = 1.2, Pi = 2, P 2 = 4, M = 0.628 

c) . area ratio 2 = 20. 

CT(#): Mp 0.9, Z = 20, r= 0.6, Pi = 4, P 2 = 2, M = 0.385 

DB(0): Mp = 0.9, Z * 20, C- 1.2, Pi = 2, P 2 = 4, M = 0.54 

DB-VSCE(0): Mp = 0.9, Z = 0.05, T = 1.2, Pi = 2 , ?2 = 4, M = 0.632 
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FIGURE 5 
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figure 6(c) 




